The objective of this study was to examine the effects of supplemental rumen-protected vitamin C (VC) on live and carcass-based performance, and antioxidant capacity of cattle consuming varying concentrations of dietary S. Angus-cross steers (n = 120) were blocked by initial BW (341 ± 11 kg) and assigned equally to 1 of 6 treatments, evaluating 3 concentrations of dietary S [0.22%, 0.34%, and 0.55%, for low S (LS), medium S (MS), and high S (HS), respectively] and 2 concentrations of supplemental VC (0 or 10 g • steer -1 • d -1 ). Steers receiving VC-supplemented diets consumed an average of 10.3 g of supplemental VC • steer -1 • d -1 and increasing dietary S linearly increased (P < 0.01) grams of S consumed. Increasing dietary S decreased (P < 0.01) DMI, final BW, and ADG, and linearly increased (P < 0.05) rumen hydrogen sulfide and blood sulfhemoglobin concentrations. The inclusion of VC, regardless of S treatment, tended to increase (P = 0.08) plasma VC concentrations, specifically within the medium and high S diets (P = 0.04). Plasma total antioxidant capacity (d 90) linearly decreased (P = 0.003) and total liver glutathione (GSH; d 143) tended to decrease (P = 0.08) due to increased S intake. Within the high S treatment, addition of VC decreased (P = 0.04) the ratio of oxidized-to-reduced GSH compared with HS alone. Increased dietary S and VC decreased (P < 0.05) plasma Cu concentrations, whereas VC increased (P = 0.01) plasma Fe concentrations. Linear decreases (P < 0.02) in marbling score, backfat thickness (BF), yield grade, and HCW were observed as dietary S increased; however, the addition of VC to the HS diet increased (P < 0.01) BF, marbling scores, and percentage of cattle grading Choice compared with HS without VC. In conclusion, supplementation of VC to cattle receiving the high S diet improved marbling scores; although the exact mechanism for this improvement is unknown, it may be related to greater circulating VC available for lipid metabolism in these cattle.
INTRODUCTION
Ethanol industry coproducts, such as dried distillers grains with solubles (DDGS), have become a common addition to feedlot cattle diets. However, due to the ethanol production process, DDGS often contain elevated concentrations of S, potentially limiting the inclusion rate in cattle diets (Kwiatkowski et al., 2006) . High dietary S (>0.4%) has been documented to have a detrimental effect on DMI, ADG, and HCW of feedlot cattle (Gibson et al., 1988; Richter et al., 2012) , and may lead to development of S-induced polioencephalomalacia (PEM).
Vitamin C (VC), or ascorbate, has many roles in cellular metabolism but has specific roles in oxidation-reduction reactions, as an enzyme cofactor and in the synthesis of collagen (Rebouche, 1991) . Currently, NRC (1996) does not specify a dietary requirement by cattle for VC, as cattle naturally synthesize ascorbate from glucose. Limited research is available concerning the daily requirements of VC for feedlot cattle. A decrease in serum VC was observed throughout the finishing period of Japanese Black cattle (Takahashi et al., 1999) and the inclusion of a rumen-protected VC to the diet of Japanese Black steers (12 to 24 mo of age) improved marbling scores (Yano, 2001) . Adding VC to cell culture media enhanced the differentiation of preadipo-cytes to adipocytes (Torii et al., 1998) , a critical step in marbling development (Lee et al., 2000) . In addition to roles in marbling development, VC aids in regeneration of reduced glutathione, an important antioxidant involved in clearance of S metabolites from the body (Johnston et al., 1993; Truong et al., 2006) . We hypothesized that VC supplementation to cattle consuming varying concentrations of dietary S would increase the antioxidant capacity and marbling potential of these cattle. This was evaluated by examining the effects of a rumen-protected VC on live and carcass-based performance, and antioxidant capacity of cattle consuming varying concentrations of dietary S.
MATERIALS AND METHODS
Procedures and protocols for the cattle experiment were approved by the Iowa State University Institutional Animal Care and Use Committee (protocol number 7-10-6986-B).
Animals and Experimental Design
Angus-cross, calf-fed steers (n = 120) were purchased at a commercial auction barn and transported in August 2010, to the Iowa State University Beef Nutrition Farm (Ames, IA). Upon arrival, steers were weighed, dewormed with Ivomec Eprinex Pour-On for Beef and Dairy (Merial Animal Health, Duluth, GA), vaccinated with Bovi-Shield GOLD FP 5L5 (Zoetis, New York, NY) and One Shot Ultra7 (Zoetis), and were identified with an ear tag. Steers were initially started on a common receiving diet for 28 d, followed by a series of 3 step-up diets in preparation for the finishing diet (Table 1) .
At the initiation of the study (October, 2010) , consecutive day BW were taken (before limit feeding) and steers were blocked by initial BW (341 ± 11 kg) and randomly assigned to pens of 4 steers within a block (5 pens per treatment). Cattle were assigned equally to 1 of 6 treatments, evaluating 3 concentrations of dietary S [0.22%, 0.34%, and 0.55%, for low S (LS), medium S (MS), and high S (HS), respectively] and 2 concentrations of supplemental VC (0 or 10 g • steer -1 • d -1 ). Individual treatments consisted of: 1) LS (0.22% S), corn-based diet, 2) LS + VC, 3) MS (0.34% S), 40% DDGS diet, 4) MS + VC, 5) HS (0.55% S), MS + sodium sulfate, and 6) HS + VC. In this report, treatments will be referred to as: LS, LS + VC, MS, MS + VC, HS, and HS +VC; and throughout the paper, the combination of unsupplemented and VC-supplemented treatments within a specific concentration of S will be referred to as the unabbreviated low S, medium S, and high S. Before receiving the assigned study diets, steers were implanted with Component E-S with Tylan (VetLife, Ivy Animal Health, Inc., Overland Park, KS) and 65 d later were implanted with Component TE-IS with Tylan (VetLife).
At the start of the experimental feeding period, the finishing diet was limit fed at 1.5% BW and increased 0.25% each day for the first 5 d of the study to decrease risk for acidosis and PEM. Consumption of the rumenprotected VC, containing 50% ascorbate (Vitashure C50; Balchem Corp., New Hampton, NY), was targeted at 10 g VC • steer -1 • d -1 (20 g Vitashure C50); adjustments in VC inclusion were based on DM intake. Sodium sulfate was included in the HS diet at 1.11% (DM basis) to provide an additional 0.21% S greater than the S concentration of the MS diets. Throughout the remainder of the study, interim weights were collected every 28 d and consecutive final BW were determined before harvest.
One steer from the HS treatment developed PEM symptoms on d 69 of the study and was removed from the experiment and treated with dexamethasone and thiamin until fully recovered (data not included in analysis).
Sample Collection and Analytical Procedures
Feed offered to each pen and bunk scores were recorded daily, and DMI was calculated. Samples of S, 7 % 0.22 0.34 0.55 1 Vitashure C (VC), provided by Balchem Corp., New Hampton, NY, replaced dried distillers grains with solubles (DDGS) at 0.215% DM to achieve 10 g of VC per steer per day; vitamin C intake averaged 10.3 g per steer per day.
2 Sodium sulfate added to the diet, at the expense of DDGS, to increase the percent S of the medium S diet by 0.36% S.
3 Five loads of DDGS from Lincoln Way Energy (Nevada, IA) were used during the trial with S concentrations of 0.72%, 0.67%, 0.70%, 0.79%, and 0.55%. 4 Vitamin A premix contained 4,400,000 IU/kg.
individual ingredients and total mixed rations (TMR) were collected weekly, and orts for each pen were collected monthly for DM determination. Samples were dried in a forced-air oven at 70°C for 48 h. Feed efficiency (G:F) was determined every 28 d from the BW gain and DMI within that period. Sulfur analysis of weekly TMR samples and monthly pen orts was conducted according to the method described by Richter et al. (2012) , and dietary S intake was calculated. Jugular blood, 25 mL was collected in heparinized tubes (sodium heparin, Becton, Dickinson and Co., Franklin Lakes, NJ) for plasma and whole blood analysis from 2 steers per pen on d 0, 14, 28, 90, and 143. Plasma for trace mineral analysis was collected from the same 2 steers per pen using potassium EDTA tubes (Becton, Dickinson and Co.) on d 143. Blood was transported to the laboratory on ice and centrifuged at 1,000 × g for 10 min at 4°C. Plasma was aliquoted and stored at -80°C until analysis of total antioxidant (TA) activity (Cayman Chemical Company, Ann Arbor, MI), and plasma trace mineral concentrations were determined. Plasma for mineral analysis was prepared with a 1:7 (vol/vol) dilution of plasma in 5% trace metal grade nitric acid. Samples were vortexed and centrifuged at 480 × g for 10 min at 4°C. Supernatant was collected and analyzed for mineral content using inductively coupled plasma optical emission spectrometry (Optima 7000 DV, PerkinElmer, Waltham, MA). Standards consisting of National Institute of Standards and Technology bovine liver (Gaithersburg, MA) were included in each session to verify instrument accuracy. Plasma ascorbate (vitamin C) was assayed using a commercially available kit from Cayman Chemical Company. Plasma was initially prepared with a combination of methanol, ultra-pure water, and diethylenetriaminepentaacetic acid at a ratio of 90:7.5:2.5. Samples were incubated on ice for 10 min and then centrifuged at 12,000 × g for 10 min at 4°C. The collected supernatant was stored at -80°C until further analysis, which was completed within 30 d of initial collection.
Rumen hydrogen sulfide (H 2 S) and whole blood sulfhemoglobin concentrations were determined using the methods described by Drewnoski et al. (2012) at 6 h post-feeding from 1 steer per pen on d 0, 14, 28, 90, and 143. Sulfhemoglobin concentrations were determined within 24 h of sample collection.
Liver was collected for analysis of glutathione activity and mineral concentration via the biopsying technique described by Engle and Spears (2000) from 1 steer per pen on d 0 and 143. Biopsy samples were snap frozen in liquid nitrogen and transported back to the lab, where samples were stored at -80°C until further analysis. Glutathione (GSH) activity was determined from samples collected on d 143 using the GSH assay kit (Sigma-Aldrich, St. Louis, MO). Liver samples were dried in a forced-air oven and ~0.25 g of dried liver was digested in 5 mL of trace metal grade nitric acid through closed vessel digestion in a Mars Xpress microwave (CEM Corporation, Matthews, NC), and brought to final volume of 25 mL with deionized water. Liver mineral analysis was conducted as previously described for plasma mineral analysis and final mineral concentrations are reported on a dry tissue basis. .
Ultrasound measures of all steers were conducted by a certified technician on d 0 and 90 for rib-eye area (REA), percent intramuscular fat of REA, backfat thickness (BF), and rump fat thickness. Steers were harvested on d 149 when >60% of steers in a pen were estimated by visual appraisal to have at least 1.27 cm of backfat. Steers were harvested at a commercial packing facility in Denison, IA, where individual identification was maintained with each carcass after harvest. Carcasses were chilled for 24 h, after which carcasses were ribbed between the 12th and 13th rib, and graded according to USDA standards. Carcass data were collected at the plant by representatives of Tri-County Carcass Futurity (Iowa State University Beef Extension, Lewis, IA), who were masked to treatments. Data from 3 steers were not collected because carcasses were railed out at the packing plant. Data collected from harvested steers (n = 116) included HCW, marbling score, BF, KPH, REA, quality grade (QG), and yield grade (YG). The carcass-adjusted performance data calculation of final BW was determined by dividing HCW by the average dressing percentage of 64%. As a means to account for gut fill, a 4% pencil shrink was applied to all BW measures to calculate final ADG.
Statistical Analysis
Data were analyzed by ANOVA as a randomized complete block design using the Mixed Procedure (SAS Inst. Inc., Cary, NC). The model for analysis of performance, ultrasound measures, TA capacity, GSH, plasma and liver mineral analysis, and carcass data included the fixed effect of treatment, and block was the random effect. The GenMod procedure of SAS was used to determine differences in the percentages of QG and YG within treatments. Dietary S intake, DMI, ADG, G:F, VC intake, rumen H 2 S, blood sulfhemoglobin, and plasma ascorbate data were analyzed as repeated measures and included the fixed effects of treatment, time of sampling, and the interaction. Block was the random effect and time was the repeated effect. Based on Akaike Information Corrected Criterion, unstructured was selected as the covariance structure for repeated measures analysis of rumen H 2 S and variance components was used in analysis of all other repeated measures. Pen was used as the experimental unit for all data analysis (n = 5 per treatment). Day zero values were used in a covariate analysis in all analyses, except plasma and liver mineral, and GSH data, as these data were only collected on d 143. Initial BW was used as a covariate for final BW and HCW data. The Cook's D outlier test of SAS was used to identify outliers. Three single df contrast statements were constructed before analysis: 1) VC vs. no VC, 2) linear effect of S, and 3) VC within high S (0.55% S). Significance was declared at P ≤ 0.05 and tendencies were declared from P = 0.06 to 0.10. The values reported in the tables are least square means.
RESULTS

Intake, Growth, and Performance
Steer performance results are presented in Fig. 1 and Table 2 . Based on repeated measures analysis, DMI and S intake demonstrated a treatment-by-month interaction (P < 0.04). The DMI treatment-by-month interaction appears to be the result of differential DMI within the medium S treatments. From d 38 to 65, the MS treatment was consuming ~0.81 kg per day more (P = 0.02) than the MS + VC cattle and MS cattle tended (P = 0.06) to consume ~0.76 kg per day more during d 94 to 121 than the MS + VC treatment. This trend is reflected in S intake, which, by design, increased (P < 0.001) with greater inclusion of dietary S. The treatment-by-month interaction (P < 0.001) of S intake appears to be due to greater S intakes by the MS cattle during d 38 to 65 (P = 0.005) and 94 to 121 (P = 0.10), compared with the MS + VC cattle. Additionally, the HS + VC cattle had a greater S intake, compared with the HS treatment, during d 94 to 121 (P = 0.09) and d 122 to 149 (P = 0.02), which may be a due to the slightly greater (P = 0.09) S concentration in the HS + VC diet based on TMR samples collected throughout the trial.
Repeated measures analysis revealed an ADG treatment-by-month interaction (P < 0.001), which may be the result of an increase (P < 0.001) in ADG by the LS + VC and HS + VC during d 66 to 93. Additionally, during d 122 to 149, ADG of the MS cattle tended to be greater (P = 0.07) than the MS + VC cattle, whereas ADG of the MS + VC cattle were comparable (P = 0.79) with those of the high S treatments. The treatment-by-month interaction (P < 0.001) for G:F is primarily attributed to the increase (P = 0.05) in G:F by the HS + VC treatment from d 38 to 65 to d 66 to 93, whereas the MS treatment decreased to values less than the MS + VC (P = 0.07) and HS + Table 2 . Effect of supplemental vitamin C (10 g vitamin C • steer -1 • d -1 ) on BW gain and efficiency of steers fed a low S (0.22%), medium S (0.34%), or high S (0.55%) diet for 143 d Ultrasound measures are presented in Table 3 . On d 90, rump fat, BF, and percent intramuscular fat were all linearly decreased (P < 0.03) by increasing dietary S. Interestingly, the addition of VC to any of the 3 concentrations of dietary S tended to increase (P = 0.08) BF values; however, only in the HS + VC treatment was an increase (P = 0.05) in intramuscular fat observed relative to the HS cattle.
Indicators of Sulfur Exposure
Rumen H 2 S concentrations are presented in Fig. 2 . Based on repeated measures analysis, H 2 S concentrations demonstrated a treatment-by-day interaction (P = 0.001). The treatment-by-day interaction is primarily being driven by the high S treatments and may be attributed to the slightly greater S intake (P = 0.09) by the HS + VC cattle. The increased inclusion rate of dietary S resulted in a linear increase (P < 0.001) in H 2 S concentrations. Hydrogen sulfide values peaked at 0.48 g/m 3 (in the HS cattle) on d 14. Because the VC product should be mostly rumen undegradable, it was anticipated that there would be no effect of VC on H 2 S concentrations and none was noted (P = 0.46). Sulfhemoglobin concentrations are presented in Table 4 . Based on repeated measures analysis, sulfhemoglobin, total hemoglobin, and percent sulfhemoglobin concentrations demonstrated a treatmentby-day interaction (P ≤ 0.03). The treatment-by-day interaction of sulfhemoglobin concentrations and the percent sulfhemoglobin is primarily being driven by the peak sulfhemoglobin values at d 28, especially within the medium S treatments. Interestingly, sulfhemoglobin concentrations were greater (P = 0.02) in cattle receiving VC, regardless of S inclusion. This effect is mostly caused by the differences among the HS and HS + VC cattle, and may again be related to the tendency for increased (P = 0.09) consumption of S by the HS + VC cattle.
Antioxidant Measures
Plasma ascorbate concentrations are presented in Fig. 3 . The inclusion of VC to all concentrations of dietary S tended to increase (P = 0.08) plasma ascorbate concentrations, with the most notable increase being within the high S treatment (P = 0.02). A treatmentby-day interaction (P = 0.03) of plasma ascorbate was The TA capacity of cattle was linearly decreased (P = 0.003; data not shown) as dietary S increased on Liver GSH concentrations are presented in Table 5 . Total liver GSH tended to decrease (P = 0.08) in cattle as dietary S increased. Vitamin C supplementation did not influence (P = 0.71) available reduced GSH. No influence of dietary S concentration (P = 0.13) or addition of VC (P = 0.38) was observed in oxidized GSH concentrations. The ratio of oxidizedto-reduced GSH was greater (P = 0.04) in the liver of steers fed HS without VC (0.28 ± 0.15) compared with HS + VC steers (0.09 ± 0.15).
Plasma and Liver Trace Minerals
Plasma and liver trace mineral concentrations are presented in Table 6 . Increasing dietary S linearly decreased (P = 0.003) plasma Cu concentrations in steers on d 143. Adding VC to any concentration of S also decreased (P ≤ 0.05) plasma and liver Cu concentrations, compared with those steers not receiving VC, whereas plasma Fe concentrations were increased (P = 0.01) in VC-supplemented steers compared with steers not receiving supplemental VC. Liver Fe concentrations were not affected (P = 0.53) by supplemental VC. Liver Zn concentrations were decreased (P = 0.007) due to supplemental VC and tended to linearly decrease (P = 0.07) with a greater dietary S inclusion.
Carcass Characteristics
Carcass characteristics and the distribution of QG and YG are presented in Tables 7 and 8 , respectively. Linear decreases (P < 0.02) in HCW, YG, marbling score, and BF were observed as diets increased in dietary S concentration. Again, the high S diets are the primary driving force behind the linear effects of increasing S on Table 5 . Effect of supplemental vitamin C (10 g • steer -1 • d -1 vitamin C; VC) on liver glutathione (reduced and oxidized) concentrations of cattle fed a low S (0.22%), medium S (0.34%), or high S (0.55%) diet for 143 d carcass traits. Interestingly, the inclusion of VC to the HS treatment eliminated some of the depressive effects of HS on carcass traits. As the inclusion of VC increased (P = 0.002), marbling scores went from 398 to 470 (±13.4; 300 = slight, 400 = small, 500 = modest) in the HS and HS + VC treatments, respectively, and increased (P = 0.01) BF scores from 1.0 to 1.24 cm (±0.06) in HS and HS + VC, respectively. However, the addition of VC to the LS diet resulted in decreased (P = 0.004) marbling scores (443 ± 13.4) compared with steers receiving LS (511 ± 13.4). The inclusion of VC to the HS diet resulted in a greater (P = 0.01) percentage of cattle that graded Choice and decreased (P = 0.02) percentage grading Select, compared with the HS treatment. Addition of VC to any concentration of dietary S resulted in a greater (P = 0.001) percentage of KPH fat.
DISCUSSION
Our objective was to examine the effects of supplemental rumen-protected VC on live and carcass-based performance, and antioxidant capacity of cattle consuming a low, medium, or high S diet. Previous research indicates that feeding high S corn coproducts decreases live cattle performance, resulting in lighter HCW and decreased QG, thus impacting carcass value (Gibson et al., 1988; Zinn et al., 1997; Richter et al., 2012) . Cattle in the present study experienced a similar loss of performance, as decreases in HCW, BF, marbling score, and YG were observed in cattle consuming the HS diet. Interestingly, although the least amount of marbling was observed in the HS treatment, the addition of VC to the HS diet recovered marbling scores to values comparable with the low S and medium S treatments, even though the HS + VC cattle had lighter HCW.
The use of ultrasound, conducted on d 0 and 90, enabled authors to monitor the nutritional impact of dietary S and VC on body composition over this time period. Initial ultrasound measures indicated that cattle assigned to HS + VC treatment had a smaller REA, which was reflected in the final carcass measures. The decrease in rump fat, BF, and intramuscular fat values on d 90 suggest high dietary S may be detrimental to lipid accumulation and thereby increase the risk for decreased QG of beef carcasses at harvest. Additionally, the depression in DMI, due to high dietary S, may be a contributing factor to the depression in carcass traits on d 90 of the HS treatment. Interestingly, the addition of VC to diets increased lipid accumulation on d 90; specifically, BF (regardless of dietary S) and intramuscular fat in the HS + VC treatment was greater.
Similar improvements in marbling score due to VC supplementation were observed by Ohashi et al. (2000) and Yano (2001) , where the addition of a rumen-protected VC source during the middle finishing period (12 to 24 mo of age) increased marbling scores of Japanese Black long-fed steers. The results of these studies prompted the addition of the low S corn-based diet to the current study, with the hypothesis that the high starch content of the diet would maximize the marbling opportunity in these cattle. However, the addition of VC to the LS diet decreased marbling scores compared with the LS without VC diet. It is unclear why LS + VC cattle demonstrated greater intramuscular fat on d 90 via ultrasound detection and yet had decreased marbling scores at harvest on d 143. This effect may be attributed to competition for a common transporter between glucose and VC, as glucose and the oxidized form of VC, dehydroascorbate, are both recognized by the glucose transporter family (Kodaman and Behrman, 1999) . Table 7 . Effect of supplemental vitamin C (10 g • steer -1 • d -1 vitamin C; VC) on carcass characteristics of steers fed a low S (0.22%), medium S (0.34%), or high S (0.55%) diet for 149 d ( The present study used NaSO 4 to provide additional S in the high S treatments. Increasing availability of Na may have influenced absorption of glucose via sodium-glucose transporter-1 from the small intestine because of its dependence on a Na electrochemical gradient. Manipulating glucose absorption, through increased availability of Na for transport, may be contributing to the increase in intramuscular lipid accumulation observed in HS + VC cattle, as Smith and Crouse (1984) noted glucose is the preferred substrate for intramuscular adipose tissue deposition. The authors are unaware of any literature concerning intestinal transport mechanisms for VC in cattle, as cattle are able to naturally synthesize VC and therefore any intestinal absorption is believed to occur via passive diffusion, rather than via an active transport mechanism, such as sodium-glucose transporter-1 (Combs, 2008) .
Although the mechanism of action by which VC may be driving an increase in marbling, BF, and KPH is unclear, potential mechanisms may include a general increase in glucose uptake by adipocytes via decreased oxidative stress (Paolisso et al., 1994) , an alteration of the extracellular matrix (Nakajima et al., 1998; Hausman et al., 2009) , which may be related to the role of VC in collagen production and the importance of preadipocyte adherence to the surrounding extracellular matrix (specifically collagen and fibronectin) during differentiation, or a greater glycerol-3 phosphate dehydrogenase (GPDH) activity (Kawada et al., 1990; Ono et al., 1990; Torii et al., 1998; Lee et al., 2000) .
Glycerol-3 phosphate dehydrogenase is an essential component for lipid biosynthesis, by converting glycerol-3 phosphate to glycerol for incorporation into triglycerides. Previous research indicates the addition of L-ascorbic acid and L-ascorbic acid 2-phosphate to cultured bovine adipocytes and the 3T3-L1 cell line increases GPDH activity and subsequent lipid accumulation (Kawada et al., 1990; Ono et al., 1990; Torii et al., 1998; Lee et al., 2000) . Interestingly, cells experiencing the greatest increase in GPDH activity were those harvested from subcutaneous or perirenal adipose tissue, compared with intramuscular adipose tissue (Smith and Crouse, 1984; Lee et al., 2000; Bonnet et al., 2007) . These data may provide an explanation as to the increase in KPH experienced in the present study by cattle consuming VC. Additional research is required to identify the exact mechanism of action by which VC may be increasing fatness of these cattle.
Hydrogen sulfide production, due to metabolism by sulfate-reducing bacteria in the rumen, is believed to be the mechanism by which high sulfate diets can be toxic to ruminants. The high S steers in the present study experienced peak H 2 S values of 0.48 g/m 3 on d 14, which is consistent with observations of Loneragan et al. (1997) and Richter et al. (2012) , who noted the peak in H 2 S production occurred within the first 15 to 35 d on a high S diet. During this time, cattle are more susceptible to the development of PEM.
Sulfhemoglobin is formed when S in blood irreversibly binds to the Fe molecule in hemoglobin, taking the place of oxygen, thereby decreasing oxygen carrying capacity of blood (Keilin, 1933) . In the present study, sulfhemoglobin values increased in response to greater concentrations of dietary S and also inclusion of VC. It is not entirely clear why VC inclusion resulted in an increase in sulfhemoglobin concentrations in these cattle, as H 2 S concentrations did not differ due to VC inclusion. In previous studies, sulfhemoglobin values were correlated with H 2 S values . Similar to H 2 S production, the increase in sulfhemoglobin in the HS + VC treatment may be related to greater S intake Table 8 . Effect of supplemental vitamin C (10 g • steer -1 • d -1 vitamin C; VC) on distribution of quality and yield grades of steers fed a low S (0.22%), medium S (0.34%), or high S (0.55%) diet for 149 d ( by these steers. Interestingly, it was observed by Nichol et al. (1968) that sulfhemoglobin could be produced through the reaction of hemoglobin with ascorbate and H 2 S in the presence of phenylhydroxylamine, suggesting ascorbate was providing reducing power. Therefore, the supplementation of VC to the diet containing any concentration of dietary S may have provided enough additional reducing power to encourage formation of sulfhemoglobin. It is important to note that although sulfhemoglobin (as a percent of total hemoglobin) increased as dietary S increased, these cattle were well below the toxicity threshold of 1% sulfhemoglobin (of total hemoglobin; Triapirux et al., 2008) . Although limited research data are available concerning plasma ascorbate concentrations of feedlot cattle, existing data indicate great variability among plasma ascorbate concentrations in cattle across all aspects of production. In a review, Smith et al. (2009) reported plasma ascorbate concentrations of healthy beef cattle ranged from 2.4 to 4.7 mg/L; however, cattle in the present study demonstrated plasma ascorbate values of 0.3 to 0.7 mg/L across the finishing period. These values are much less than values previously reported, which may be related to differences in detection methods used. In the present study, florescence spectrometry was used compared with methods used by others, including a photoelectric colorimeter assay (Mindlin and Butler, 1938) or HPLC method (Haiying et al., 2003) .
The decrease in plasma ascorbate of the HS cattle between d 28 and 90 suggests natural production of VC may not be sufficient to meet the needs of the steer during consumption of a high S diet. Takahashi et al. (1999) observed that a similar decline in ascorbate was observed across the finishing period when a rumen-protected source of VC was included in the diet; however, those cattle were not consuming a high S diet. Further research is warranted to determine if high S diets without VC supplementation do indeed result in a drop in plasma ascorbate. In the present study, plasma ascorbate concentrations of the HS cattle began to recover to comparable values with the LS and MS treatments between d 90 and 143, which may represent a reallocation of glucose toward greater VC production in the liver. A greater use of glucose for VC production may help explain the decrease in marbling scores of the HS cattle, as glucose is the preferred substrate for intramuscular adipose tissue development (Smith and Crouse, 1984) . Results of the present study in combination with those of Takahashi et al. (1999) suggest the inclusion of a rumen-protected VC source may be beneficial to maintain circulating ascorbate concentrations across the finishing period. Because VC is synthesized in the liver of cattle from glucose, supplemented VC may provide a sparing mechanism, allowing more glucose to be available for marbling development.
Similar to plasma ascorbate, limited research data are available concerning plasma TA capacity in cattle. The data available suggest a decrease in serum TA capacity of transport-stressed beef calves (Chirase et al., 2004) ; alternately, Castillo et al. (2006) did not notice a difference in serum TA capacity of dairy cows during lactation. Results of the present study indicate dietary S decreases plasma TA capacity over the finishing period. This decrease suggests cattle receiving a high S diet may experience more oxidative stress, leading to a depressed TA capacity. It is unclear why the addition of VC to the MS and HS treatment decreased TA capacity on d 90, as VC should be contributing to TA capacity. However, as a water-soluble vitamin, VC has limited storage capacity within the body and therefore may not have been directly affecting circulating TA capacity. Another explanation may be related to the increase in plasma Fe concentration in cattle supplemented with VC, as a greater amount of Fe may be contributing to oxidative conditions, resulting in a depletion of TA capacity.
Glutathione is also an essential antioxidant in the body, aiding in removal of reactive oxygen species and free radicals (Pastore et al., 2003) . Truong et al. (2006) observed depletion of GSH by H 2 S in cell culture, suggesting that GSH plays a vital role in detoxification of H 2 S due to excess S. Because VC is able to donate electrons to regenerate reduced GSH, it was hypothesized that inclusion of VC would increase availability of reduced GSH. Only the LS + VC treatment tended to have a greater concentration of reduced GSH in support of our hypothesis; the MS + VC and HS + VC treatments did not experience an increase in the availability of reduced GSH. It appears the elevated S load may be responsible for depletion of GSH concentrations in the HS cattle and adding VC was not sufficient to overcome this stress.
In healthy cells, oxidized GSH should comprise no more than ~10% of total GSH and percentages exceeding this are indicative of oxidative stress (Ithayaraja, 2011) . Within the high S treatments, the ratio of oxidized-toreduced GSH was greater in liver from steers fed HS without VC (0.28 ± 0.15) compared with HS + VC steers (0.09 ± 0.15), indicating the HS without VC cattle were experiencing some oxidative stress, as 28% of total GSH was in the oxidized form.
These data support the idea that high S diets contribute to a decreased TA capacity in cattle. Because dietary S is removed from the body via GSH, consumption of high S may limit availability of reduced GSH for other critical antioxidant functions in the body. Furthermore, high dietary S can impact availability of other body antioxidants, such as superoxide dismutase, by decreasing availability of the critical trace minerals necessary for optimal function. Although superoxide dismutase activity was not determined in the present study, the increase in oxidized-to-reduced GSH ratio in HS treatment may be related to an increased reliance on GSH to remove both free radicals and S.
Sulfur and VC are just 2 of the many factors that can influence absorption of trace minerals. Due to the presence of both in the present study, analysis of trace mineral status was essential. Cattle in the present study experienced a decrease in plasma Cu concentration as dietary S was increased, which may be attributed to an antagonistic interaction between Cu and S (Davis and Mertz, 1987; Phillippo et al., 1987) . In the rumen, dietary S and Mo can bind Cu to form insoluble and biologically unavailable complexes called thiomolybdates, limiting availability of Cu to cattle (Phillippo et al., 1987) . Interestingly, addition of VC to any concentration of S decreased plasma and liver Cu concentrations, whereas plasma Fe concentrations increased. Because cattle are able to naturally synthesize VC, there has been little concern with supplemental VC and its influence on the mineral status of cattle; however, it has been documented in rats, guinea pigs, and humans that VC negatively impacts Cu status by decreasing absorption (Milne and Omaye, 1980; Milne et al., 1988; Van den Berg et al., 1994) . Vitamin C aids in the reduction of Fe from the ferric to ferrous state, which increases absorption across the small intestine (Milne and Omaye, 1980; Van den Berg and Beynen, 1992) .
In conclusion, supplementation of VC to cattle consuming high S diets improved marbling scores, whereas VC inclusion to the low and medium S treatments had limited benefits. Although the exact mechanism for improvement in carcass quality in the HS + VC steers is unknown, it may be related to the greater circulating ascorbate found in the HS + VC cattle compared with the HS cattle. Because TA capacity decreased by increasing concentration of dietary S, it is possible that plasma ascorbate was being used in these steers in place of other functional antioxidants. This may be why plasma ascorbate decreased in steers receiving the HS diet. The addition of VC to the HS diet prevented the decrease in plasma ascorbate concentrations during the initial 90 d of the study, meaning these cattle had more ascorbate available for functions related to lipid metabolism, perhaps explaining the observed improved marbling scores in these cattle.
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